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Due to tunable absorption wavelengths, high quantum efficiency, and a wide operating temperature range, HgCdTe-based photodetectors are the promising devices of choice for many infrared thermal imaging systems. [1] [2] [3] Currently, typical HgCdTe infrared focal plane array (IRFPA) photodetectors operating at cryogenic temperatures are based on the n þ -on-p junction. [4] [5] [6] [7] While molecular beam epitaxy and liquid phase epitaxy techniques have extensively been used in fabrication of HgCdTe films for many years, long wavelength HgCdTe IRFPAs still suffer severely from temperature and photo related defects and nonuniformities in the performance of individual elements [8] [9] [10] [11] due to the very small band gap and complex doping mechanism for the p-n junction. Device fabrication yield in long wavelength HgCdTe IRFPAs is very low, typically less than 1% for large twodimensional arrays, compared to that of Si-based or GaNbased devices. Laser beam induced current (LBIC) imaging is a non-destructive and high-resolution technique used for the characterization of HgCdTe IRFPAs and could be applied at intermediate processing stages to monitor the fabrication processes, which could assure significant yield enhancements and cost reduction. 12, 13 LBIC imaging has proved to be useful in providing spatially resolved information about electrically active defects and localized nonuniformities in HgCdTe materials and devices used for infrared photovoltaic arrays. [14] [15] [16] However, analysis of LBIC measurements of HgCdTe-based photovoltaic detectors has been acknowledged to be a difficult task because of the large number of factors influencing the LBIC signal. [15] [16] [17] Examples of these factors include the junction type conversion at specific temperatures, ion implantation induced damage to the semiconductor materials, and mixed conduction near room temperature. Additionally, unique characteristic parameters of semiconductor material properties, including the minority carrier lifetimes and diffusion lengths in vicinity of the p-n junction, and other non-ideal effects such as surface recombination and localized leakage also influence the LBIC signal. The temperature and laser beam property dependence of LBIC imaging on mid-wavelength Hg-vacancy doped HgCdTe p-n junctions has been described by Redfern, who illustrated the peak-to-peak LBIC signal would reach saturation under low temperature and high laser beam intensity conditions. 18, 19 However, in As-doped HgCdTe, the arsenic may reside on either the metallic sublattice thus behaving as a donor or the nonmetallic sublattice thus acting as an acceptor. 20 Specifically, when used on a long wavelength HgCdTe infrared detector, As-doped p-type HgCdTe is very sensitive to temperature. This amphoteric behavior, together with the ion implantation damage and mixed conduction, could potentially induce a deformation of the LBIC. Therefore, a robust model that can treat the temperature related junction transformation and widening at specific optical intensity is definitely required for As-doped long-wavelength HgCdTe infrared detector arrays.
In this paper experimental results of the effects of polarity inversion and coupling of LBIC under different temperatures and laser irradiance for As-doped long-wavelength HgCdTe pixel arrays grown on CdZnTe are reported. Both the experimental and theoretical results show that the device temperature and laser irradiance have a significant effect upon the junction type and junction width in the pixel arrays. Models of the p-n junction transformation are proposed. It is shown that deep traps introduced by the ion implantation, which can shift the quasi Fermi level with respect to that of a)
Authors to whom correspondence should be addressed. 16 cm À3 and remote contacts were deposited with gold on either side of the n-on-p junctions in preparation for LBIC measurements. The pixel size of the detector pixel array is 200 lm with the array format of 256 Â 256 pixels. The LBIC measurements were undertaken in a cryostat with the sample in a chip carrier for bonding the remote contacts. A laser microscope was used as the source of He-Ne laser irradiance at a wavelength of 0.63 lm. The laser beam focuses a 1.4 lm diameter spot on the sample resulting in an optical power density of approximately 10
The beam then steps across the sample in the horizontal direction. The induced current is recorded by a SR830 DSP lock-in amplifier as a function of x-y scanning coordinates to provide a spatial LBIC map. Figure 1 shows the difference in the shape of the LBIC signal profile at a range of temperature between 260 K and 120 K under a laser power density of 1 Â 10 4 W/cm 2 . Note that the peak magnitude of the LBIC profile at 260 K decreases with decreasing temperature and ultimately tends to be zero at 180 K. It can be observed that a new peak LBIC signal, whose polarity is inverse, emerges at approximately 200-230 K and couples with the original LBIC signals. The polarity of LBIC is totally reversed at 180 K compared to the signal at 260 K. A distinct polarity inversion can be observed in Fig. 5 . The peak-to-peak width of the LBIC signal increases from 50 lm at 260 K to 62 lm at 180 K. Similar properties of the LBIC signal profile are observed in Fig. 2 , while the inverse peak LBIC signal emerges at approximately 200 K and the peak-to-peak width of the LBIC signal profile increases from 50 lm at 230 K to 68 lm at 120 K.
In order to understand mechanisms of the polarity inversion and coupling effects of LBIC at different signal temperatures for specific laser irradiances, p-n junction transformation models are proposed. At near room temperatures, a relatively weak LBIC is induced by the n À -on-n junction. It is well known that As-doped p-type HgCdTe layer can transition to an n-type layer at near room temperature. 20, 21 This amphoteric behavior, together with the mixed conduction of HgCdTe due to the temperature-generated large numbers of intrinsic carriers, makes the p-type absorption layer transform to an n-type layer. Several groups, [22] [23] [24] using deep-level transient spectroscopy as well as dark current fitting, 7, 11, 25 have reported that the damage of the ion implantation doping can introduce significant deep level traps in HgCdTe. When the temperature is relatively high, the deep levels (acceptor-type) induced by the ion implantation damage are fully activated and can trap significant numbers of free electrons. The quasi Fermi level in the implanted region is decreased, making the B þ ion implantation region be n À . The schematic of the n À -on-n junction is shown in Fig. 3(c) . The 50 lm peak-to-peak width of the LBIC signal at 300 K is in good agreement with the B þ ion implantation window, as shown in Fig. 5 , which confirms our assumption. However, at cryogenic temperatures, a full polarity inversion of LBIC is obtained compared to that at near room temperatures, where a typical n þ -on-p junction is formed with a broadened junction width, as the Hg interstitials diffuse to the p-type region forming the n-type region. At cryogenic temperatures the implantation-damageinduced traps in the n þ region are almost inactivated (not ionized). Therefore the electron quasi Fermi level in the implantation region has the same value compared to that in the Hg interstitials diffusion region. Thus, the two regions have almost uniform Fermi levels. Since the As-doped absorption layer is ptype at the low-temperature, 26 it forms the typical n þ -on-p HgCdTe photodetector, which has good dark current and quantum efficiency (see Figs. 1 and 5 ) because the n þ -on-p junction has the superior electrical field in the depletion region. At temperatures between these points both types of junctions exist in the arrays. In addition to the LBIC polarity inversion the LBIC polarity couplings are experimentally observed, as shown in Figs. 1 and 2 (very shallow, about 0.3-0.57 meV) of the Hg interstitials n doping region, 21,27 the activated traps would possibly decrease the total Fermi level in the damage region, as shown in Fig. 3(b) . The reduced Fermi level would induce a notable n À -on-n junction in the ion implantation region, and this assumption is demonstrated by the numerical simulations (see Fig. 6(b) ). Therefore, a tradeoff of the junction transition between n þ -on-p and n À -on-n appears due to the operating temperatures. Furthermore, the laser beam intensity is another key point that determines the tradeoff, as photo-generated carriers, comparable to the temperature induced intrinsic carriers, and creates a p-n junction reversion. Fig. 4 shows the ratio of maximum laser induced current of the two polarities of LBIC signal at the different power densities of the laser beam. It is observed that the higher the irradiance, the lower the temperature, at which the polarities of LBIC signal profiles become inverted and coupled. Hence, it can be inferred that the polarity reversion and coupling of the LBIC signal is directly dependent on irradiance as well as temperature. A straightforward interpretation of the results is that the p type is valid for
For example, a typical HgCdTe p-type material with x ¼ 0.225, E g ¼ 0.12 eV at 77 K, and N a ¼ 10 16 cm À3 will show mixed conduction behavior at as low as 100 K. At 120 K the Hall constant reverses sign. Here, the irradiance acts directly as the temperature. Photo-generation makes the majority carriers (electrons) to significantly increase in numbers. It also means that the inversion from n-type to p-type (typically in the absorption layer) is more difficult due to the high density of photo generated carriers at the relative higher irradiance.
In Fig. 5 , the LBIC signal profiles at temperatures of 300 K and 87 K are experimentally measured. The magnitude of the LBIC signal has increased, and the polarity of the LBIC signal has been inverted at 87 K compared to that at 300 K. The peak-to-peak width of the LBIC signal increases from 50 lm at 300 K to 64 lm at 87 K. Based on the mentioned models, it can be found that the observed LBIC signal is typical of the bipolar characteristic exhibited by an n þ -onp junction at 87 K, while at room temperature, the reversed LBIC is caused by the ion-implantation induced n À -on-n junction. This explains why the peak-to-peak width of the LBIC signal increases from 50 lm at 300 K to 64 lm at 87 K. The 50 lm dimension reflects the width of the ion implantation window, while the final space charge of p-n junction under cryogenic temperature is widened to 64 lm reflecting the Hg interstitials diffusion region.
Two-dimensional steady-state numerical simulations are performed using the Sentaurus Device, a commercial software package from Synopsys. For plain drift-diffusion simulation the well-known Poisson equation and continuity equations are used. The carrier generation-recombination process consists of Shockley-Read-Hall, auger, radiative, and optical generation-recombination terms. Photo generation is simulated by raytracing. 9, 28, 29 The plane wave is partitioned, and each partition is represented into a onedimensional ray of light. When the propagation is assumed FIG. 3 . Proposed p-n junction transformation models (a) at low temperature where the typical n þ -on-p junction is formed, (b) at moderate temperature where the n-n þ -on-p junction is formed, and (c) at near room temperature where the n À -on-n junction are formed. to be in the z-axis for a non-uniform absorption coefficient, the photon beam generation term can be expressed by Note that in order to obtain the polarity coupling at moderate temperatures, the minority life time in the n region is very small ($10 ps), as shown in Figs. 6(a) and 6(b). It is indicated that in the ion implantation region the diffusion length is very small. This is because the implantation region induces the deep level traps as well as deep-level recombination centers. The experimental result of this phenomenon is also observed in Fig. 5 . However, at room temperatures, both the experimental results and simulations show that the LBIC current in the implantation region is significantly larger than at other temperatures. It appears that the junctions are completely transformed from n-on-p to p-on-n (more accurately, it is n À -on-n), in which the minority carriers are the electrons in the implantation region. Because the diffusion length of electron is significantly larger than of a hole for HgCdTe materials, the LBIC signals reflect the junction transformation demonstrating the validity of proposed models. Figure 7 shows the extracted negatively charged acceptor traps density (ionized) as function of temperatures in the ion implantation damage region by the numerical simulations. It is well known that acceptor-type traps can be either negative or neutral like the acceptor. Acceptor traps are neutral when empty and negatively charged (ionized) when filled with electrons. In fact, one can treat the acceptor traps as acceptors (with very high ionization energy) which can compensate the donors. Note that the ionized acceptor traps tend to saturate at near room temperature indicating that the maximum ionized value of trap density in the ion implantation damage region is approximately 7 Â 10 16 cm
À3
. Using the equation 30, 31 n ionized ¼ N v =g Á expðE A =kTÞ to fit the extracted data, we determine the ionized energy of the traps to be about 65 meV (approximately half of energy band gap of HgCdTe with x ¼ 0.224). This shows that it is very deep in the band gap, where N v is the effective density of states of the traps, E A is the ionized energy, k is the Boltzmann's constant, g is the degeneracy factor for the traps assumed to be 4, and T is the temperature. The acceptor traps in our work show a similar freeze out effect which has been reported in HgCdTe shallow acceptor-type doping. [30] [31] [32] In conclusion, the work described in this paper provides the basic mechanisms for a better understanding of junction transformation for long wavelength HgCdTe As-doped infrared photovoltaic detector arrays. The p-n junction transformation models are developed and numerically demonstrated to analyze the polarity inversion and coupling of the LBIC. The results show that Hg interstitials diffusion and As-doping amphoteric behavior, as well as ion implantation damages, are the key factors in inducing the polarity reversion, coupling, and junction broadening at different temperatures. The trap density of approximately 7 Â 10 16 cm À3 with an ionized energy of 65 meV in the ion implantation damage region is obtained by using the extracted simulation data. Furthermore, laser beam intensity is another key point that determines the tradeoff of junction transitions, as photo-generated carriers are comparable to the temperature induced intrinsic carriers. This work provides a method to judge the change of LBIC when it is used on HgCdTe infrared photovoltaic detector array pixels, as well as for junction characterization of a near room temperature operating photodetector. FIG. 6 . Numerical simulations of the LBIC based on the proposed p-n junction transformation models at (a) low temperature where the typical n þ -on-p junction with N d % 
